vertebral artery penetrating neck injury cervical nerve root injury endovascular intervention a b s t r a c t Penetrating vertebral artery injury is uncommon yet potentially fatal. We present two cases of penetrating vertebral artery injury with concomitant cervical nerve root injury managed in our centre. The first case was a young gentleman who suffered from neck injury by broken metal fragment. Cervical nerve root injury was suspected preoperatively. Massive bleeding from vertebral artery was encountered during wound exploration. It was managed by ligation, followed by retrograde endovascular embolisation. The second case was a young lady being assaulted with knife and fork over the neck. She was also suspected to have cervical nerve root injury preoperatively. Vascular control of vertebral artery was achieved with endovascular intervention. Subsequent operation for foreign body removal and nerve root repair was performed with minimal bleeding intraoperatively. Management approach of penetrating vertebral artery injury with concomitant cervical nerve root injury and the role of endovascular intervention were discussed.
Introduction
Penetrating vertebral artery injury is uncommon. The reported incidence of vertebral artery injury ranged from 1e7% 1 for patients having penetrating neck injury. Unilateral vertebral artery injury often occurs without neurologic deficits, although devastating complications including stroke and death do also occur, while focal upper limb neurological deficit should raise our suspicions on concomitant cervical nerve root or brachial plexus injury. We present two cases of penetrating vertebral artery injury with concomitant cervical nerve root injury managed in our centre and hope to share our experience in managing this rare but potentially fatal injury.
Case 1
Mr X was a 31-year-old gentleman with good past health. He was brought to our Accident and Emergency Department after an industrial incident. His was injured on the neck by a broken metallic fragment from a cutting instrument. There was no history of massive bleeding from the wound. He was fully conscious and haemodynamically stable on arrival. On examination, there was a 4-cm deep laceration over the left anterior neck, zone II region ( Figure 1 ). Otherwise, there was no massive bleeding, surgical emphysema, hoarseness of voice or stridor. However, on neurological examination, he was found to have weakness in left shoulder abduction and elbow flexion with power grade 4/5, impaired light touch sensation over left C5 dermatome and diminished biceps reflex. Left C5 cervical nerve root injury was suspected. Anteroposterior and lateral X-ray of cervical spine did not reveal any obvious foreign bodies ( Figure 2 ).
Emergency wound exploration under general anaesthesia was jointly performed by general surgeons and orthopaedic surgeons. The wound was extended longitudinally in cephalic and caudal directions. An 8 mm left internal jugular vein tear was found and repaired. A small bone fragment around the left C5-6 neuroforamen was also noted. However, during exploration, there was sudden massive bleeding of around 2.3 L of blood within few minutes. Bleeding from vertebral artery was suspected. Temporary haemostasis was achieved by direct pressure and clamping of vertebral artery at level of C7 transverse process. Further dissection of the vertebral artery from C7 to C6 with SouthwickeRobinson anterior approach was performed. Suture sling was passed beneath the vessel for proximal control (Figure 3 ). Bleeding stopped after releasing the clamp. Vascular surgeons and interventional radiologist were consulted, and the vertebral artery was ligated proximally. Emergency diagnostic angiography confirmed the complete occlusion of the left vertebral artery at C6-7 level. Injection of the right vertebral artery showed retrograde flow of distal left vertebral artery to C3 level ( Figure 4 ) with good opacification of the basilar trunk and bilateral posterior inferior cerebellar arteries. Distal coil embolisation was performed by interventional radiologist to further secure haemostasis. It was done with retrograde approach by passing microcatheter through the right vertebral artery to the vertebral confluence and down to distal segment of the left vertebral artery. Detachable coils were then delivered to achieve vessel occlusion. Adequate cerebral circulation was confirmed again after procedure ( Figure 5 ). Computed tomography (CT) of cervical spine and oblique X-ray of cervical spine were performed postoperatively and revealed fracture of left C5 transverse process and metallic foreign body inside the left C5-6 neuroforamen ( Figure 6 ). The patient refused to undergo operation for foreign body removal or cervical nerve root exploration. He remained stable postoperatively with no deterioration of neurological deficits. He had no major functional deficits at 5 months after the injury.
Case 2
Ms Y was a 30-year-old lady who was assaulted with ceramic knife and fork over her neck. On arrival at the accident and emergency department, she was stable haemodynamically. A fork was protruding out from her right neck ( Figure 7 ) with active bleeding, and there were swelling and surgical emphysema over the neck. She had weakness in shoulder abduction and elbow flexion over the right side. She was intubated to protect the airway. Besides the fork, X-ray of cervical spine showed a triangular opacity at the level of C5 vertebra, which was likely a broken knife fragment ( Figure 8 ). General surgeon did an exploration under general anaesthesia to remove the fork first to avoid further injury. Yet the knife fragment was found embedded inside the C5 vertebra, and it was left in situ. The oesophagus, jugular vein and carotid artery were intact. The patient was transferred to the intensive care unit for monitoring. Meanwhile, CT angiogram was arranged, which showed that the knife fragment was in close proximity with the right transverse process and foramen of C5 vertebra, and the right vertebral artery was nonopacified from C5 to C1 level. Trapping of right vertebral artery with proximal and distal coil embolisation was performed by radiologists before further surgical exploration to avoid uncontrolled arterial bleeding intraoperatively. Subsequent operation for removal of the fragment was performed by us with minimal bleeding. The right C5 nerve root was found right next to the knife fragment with 80% transected, and it was repaired (Figures 9 and 10 ). The patient was stable after operation. Electromyogram performed at 2 months after operation showed subacute neurogenic changes in the right bicep and deltoid muscles with small amplitude polyphasic motor units, suggesting early phase of reinnervation. At 6 months postoperatively, she had mild residual weakness over the right infraspinatus, supraspinatus, deltoid and biceps muscle with power grade 4/5. There was no subjective functional deficit.
Discussion
Penetrating vertebral artery injury was underdiagnosed in the past as up to one-third of the cases were asymptomatic, which are now diagnosed with modern imaging modality. Twothirds of the cases may have other major associated injuries, e.g., injury to other major vessels, aerodigestive structure or nervous tissue.
1 When managing patients with neck wound, clinical signs suggesting vascular injury include shock, active bleeding, haematoma, diminished pulses, bruit or thrill and neurological deficits. 2 Previous study of blunt cervical trauma showed that fracture of transverse foramen is highly associated with vertebral artery injury with an incidence of 20%. 3 Although the association in penetrating trauma is not well documented in the literature, the presence of transverse foramen fracture should also alarm us due to anatomical proximity. Penetrating vertebral artery injury may also present as pseudoaneurysm or arteriovenous fistula (AVF), in acute or delayed manner, with risks of stroke, vascular steal syndrome, venous hypertension and airway obstruction. The vertebral artery can be separated into four segments, the first one is from the origin from subclavian artery to C6, then it passes within transverse foramen of C6 to C2, this is zone two. The zone three is from C2 to the skull base, and zone four is intracranial. Because large portions of vertebral artery are within the osseous structure, the surgical exposure of vertebral artery is difficult and technically demanding, with a risk of injury to cervical nerve roots that run just behind the vertebral artery at zone two after leaving the neuroforamen. On the other hand, exploration of cervical nerve roots at this zone would need exposure of the vertebral artery. The two vertebral arteries come together to form the basilar artery that then anastomoses with the carotid arteries in the Circle of Willis. If one of the vertebral arteries is occluded, the cerebral circulation usually remains sufficient, yet rarely vertebrobasilar ischaemia and even death may also occur if remaining blood supply is inadequate, e.g., due to anatomical variation or concomitant injury to other major vessels. During the treatment of vertebral artery injury, we need to control the artery proximally and distally to prevent back flow and development of pseudoaneurysm or AVF. 4 Conventional angiogram is the gold standard for the diagnosis of vertebral artery injury, whereas CT angiogram has 90e97.7% sensitivity and 100% specificity. 5, 6 The former also helps to evaluate the adequacy of remaining cerebral circulation by balloon occlusion test before proceeding to ligation or embolisation, and endovascular intervention can be performed right after diagnosis, yet it is an invasive procedure. Overall neurological complication rate of conventional diagnostic angiogram is 2.63%, including transient ischaemic attack and stroke with permanent neurological deficit (0.14%). 7 We would suggest CT angiogram as an initial assessment tool for suspicious cases, whereas conventional angiogram is reserved for confirmed cases. Endovascular intervention, either embolisation or stenting depending on vascular condition, is the mainstay of treatment for vertebral artery injury nowadays, especially for distal lesion. The success rate is around 85e89%. 8, 9 In certain situation where embolisation or stenting is not possible, e.g., when the lesion is near the root, balloon occlusion can be performed for temporary haemostasis and can facilitate further surgery exploration. Pseudoaneurysm and AVF can also be safely treated with endovascular means. 10, 11 Neurological complications of endovascular intervention were 4.7% in a series of 234 cases, involving transient ischaemic attack (2.6%) and stroke (2.1%).
12
Surgical vascular control is reserved for patients with unstable haemodynamic status or failed endovascular treatment. Priority or decision of surgical exploration for neck wound, diagnostic angiogram or endovascular intervention depends on individual situation, e.g., haemodynamic status, concomitant injury and availability of facility. Mwipatayi et al. reported one of the largest retrospective reviews of vertebral artery injuries, involving 92 penetrating injuries (41 gunshots and 51 stab injuries), 3 iatrogenic injuries (during neck exploration) and 6 blunt trauma. 8 Eleven patients had delayed presentation for more than 1 month after initial injury. The patients were separated into three groups according to the treatment received. The first group, involving 22 patients, received surgery with or without postoperative angiogram. Twelve vertebral arteries were ligated. Eleven of the 22 patients received postoperative angiography due to ongoing bleeding or having AVF clinically. Five vertebral artery injuries were missed with surgical exploration. The second group, a total of 62 patients, received angiography without surgery. Twenty-two embolisations were performed for 17 pseudoaneurysms and five AVFs. Remaining 38 patients were found to have complete occlusion, two patients had intimal tear, and all these were managed conservatively. For the third group of 17 patients, all received angiography followed by surgery. Their surgical indications included failed, unsuitable or unstable for angiographic embolisation, evacuation of large haematoma or concomitant carotid artery injury that required repair. The mortality in this series was 6.93% (7 patients). Four patients in Group 1 died due to uncontrolled bleeding, two patients had stroke secondary to concomitant carotid artery injury and one patient suffered from massive myocardial infarction. This study well demonstrated the roles of surgery and endovascular intervention and how they supplement each other. Angiography plus or minus intervention may be adequate for up to 60% of the patients as shown in this series, with the prerequisite that patients need to be stable and having no other associated injuries. Patients having complete occlusion of vertebral artery were safely managed conservatively in this study; however, Reid et al reported the disagreement of operative findings and angiographic findings of "occlusion" in 10 of 17 patients, in which vertebral artery was found disrupted intraoperatively instead. 4 This supports our clinical decision in Case 2 that embolisation was performed before proceeding for further surgical exploration to avoid devastating bleeding intraoperatively during foreign body removal and cervical nerve root repair. Hatzitheofilou et al reported 20% mortality for vertebral artery injury, but this was also contributed by other associated injuries. Reid et al reported 4% mortality directly related to penetrating vertebral artery injury in a series of 43 cases.
4,13

Conclusion
We should have high index of clinical suspicion of possible vertebral artery injury in managing patients with penetrating neck injury. CT angiogram should be done for all suspicious cases unless immediate wound exploration is necessary. Conventional angiogram and endovascular intervention are advised for confirmed cases before proceeding to surgical exploration, especially when the exploration of cervical nerve root is necessary, to minimise the risk of lethal arterial bleeding intraoperatively.
